INTRODUCTION {#s1}
============

In contrast to the recent breakthrough advances in the treatment of solid malignancies by antigen-unspecific immune-checkpoint blockade \[[@R1]--[@R6]\] the success of this highly promising treatment modality has so far been limited in hematological cancers \[[@R7], [@R8]\] with the prominent exception of Hodgkin lymphoma \[[@R9], [@R10]\]. As clinical effectiveness of checkpoint inhibition has been shown to be directly correlated to mutational load in solid tumors \[[@R11], [@R12]\] and mutation-derived neoepitopes have been identified as targets of the resultant anti-tumor T-cell responses \[[@R13]--[@R15]\], it may be surmised that the suboptimal effectiveness in hematologic malignancies (HM) may at least in part be attributed to the predominantly low mutational burden of these cancer entities \[[@R16], [@R17]\]. On the other hand, HM can be effectively treated by stem cell transplantation \[[@R18]--[@R20]\], donor lymphocyte infusion \[[@R21]--[@R23]\] or the more recently developed adoptive approaches utilizing chimeric antigen receptor (CAR) T cells, which showed breakthrough effectiveness, even in previously therapy-resistant forms of malignancy \[[@R24]--[@R26]\]. However, apart from the latter, these approaches are hampered by their infrequent effectiveness and, more importantly, severe off-target toxicity such as graft-versus-host disease. As CAR T-cell therapy likely will remain restricted to only a handful of cell surface (differentiation) antigens (e.g. CD19 \[[@R26]\], HER2 \[[@R27]\], CEA \[[@R28]\]), there is a pressing need to identify new targets and suitable treatment strategies for hematological malignancies not amenable to CAR T-cell therapy. For this aim, the identification of HLA-restricted T-cell epitopes on HM and their implementation in adoptive, engineering- or vaccine-based T-cell immunotherapy is a highly attractive option, rendering a vast array of intracellular - and potentially more specific - HM antigens amenable to immunological targeting. To this end our group and others have extensively studied the HLA-presented immunopeptidome of hematological cancers including acute myeloid leukemia (AML) \[[@R29]\], chronic myeloid leukemia (CML) \[[@R30]\], chronic lymphocytic leukemia (CLL) \[[@R31]\] and multiple myeloma (MM) \[[@R32]\], which led to the identification of multiple pathophysiologically relevant epitopes of anti-HM T-cell responses and inspired the notion that immune control in these low-mutational entities may effectively be mediated by T cells targeting non-mutated epitopes \[[@R33]\]. As the development of novel immunotherapeutic compounds is a highly cost- and time-intensive enterprise \[[@R34], [@R35]\], such non-mutant, common antigens represent highly attractive targets for off-the-shelf immunotherapy, which may be suited for the effective treatment of a substantial proportion of the patient population.

In this study we present a meta-analysis of our previous studies on the immunopeptidomes of the four major hematologic cancers in adults, AML \[[@R29]\], CML \[[@R30]\], CLL \[[@R31]\] and MM \[[@R32]\], addressing the similarity of these malignancies on the immunologically pivotal level of HLA-restricted presentation with the dedicated aim of investigating the existence and prevalence of potential "pan-leukemia antigens".

RESULTS {#s2}
=======

Hierarchical clustering of HLA-restricted antigens on source protein level does not discern specific hematological malignancies {#s2_1}
-------------------------------------------------------------------------------------------------------------------------------

In order to obtain a comprehensive overview of the antigenic landscape of the four major HM and their immunological relatedness, we first performed an unsupervised hierarchical clustering of source proteins (8,053 unique source proteins) represented by HLA-restricted peptides (40,361 unique peptide IDs) in the immunopeptidomes of primary AML (n=19), CML (n=16), CLL (n=35) and MM/myeloma cell lines (MCL) (n=9/4, Figure [1](#F1){ref-type="fig"}). Without stratification of patients for expression of specific HLA allotypes, this source protein level analysis did not delineate clusters along entity lines but rather revealed that the antigenic landscape is divided into a smaller subset of non-entity specific common antigens (Figure [1](#F1){ref-type="fig"}, upper box) juxtaposed with a larger, highly heterogeneous set of sample-specific antigens (Figure [1](#F1){ref-type="fig"}, lower box). Whereas the larger group of sample and subset-specific source proteins clearly reflects a high degree of tumor/patient individuality, the presence of a smaller common subset of antigens hints at the potential presence of highly frequent and entity-spanning pan-leukemia antigens. In order to evaluate the presence of such targets in the HM dataset, we shifted our analysis to the HLA peptidome level, specifically filtered for HLA ligands which were exclusively detected on tumor tissue and subsequently performed HLA allotype-specific immunopeptidome profiling and cluster analyses for the seven most common HLA allotypes (A\*01:01, A\*02:01, A\*03:01, A\*24:02, B\*07:02, B\*08:01, B\*18:01; \>95% population coverage in the Caucasian population) \[[@R36]\]. To this end, we first subtracted from the dataset of HM-derived HLA ligands any peptide (irrespective of HLA restriction) also contained in our comprehensive in-house database of HLA ligands detected on non-malignant primary tissue specimens (n=147, number of unique peptides: 44,541, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). For the remaining set of peptides, which were only detected on malignant samples (from now on referred to as "cancer-exclusive") we computationally assigned the restricting HLA allotypes and compiled allotype-specific HLA ligand datasets for further analysis ([Supplementary Table 2](#SD2){ref-type="supplementary-material"}).

![Unsupervised clustering analysis of HLA ligand source proteins represented in the immunopeptidomes of HM\
Peptides identified by LC-MS/MS in HLA class I ligand extracts of AML (light green, n=19), CML (dark green, n=16), CLL (red, n=35) and MM/MCL (orange/yellow, n=9/4) were mapped to their source proteins. For conserved sequences mapping to multiple proteins all protein annotations were retained. Complete linkage clustering was performed based on the Jaccard similarity coefficient of HLA ligand source proteins. A subset of source proteins shared across samples and entities with high frequencies of presentation is highlighted in the blue box; infrequent, sample/entitity-specific source proteins are highlighted in the purple box.](oncotarget-08-43915-g001){#F1}

Importantly, we cannot rule out presentation of these "cancer-exclusive" HLA ligands on normal (sub-)tissues or cell populations at levels below the limit of the detection or on sample types missing in our normal tissue database.

HM entities and lineages can be distinguished purely based on HLA allotype-specific immunopeptidome composition {#s2_2}
---------------------------------------------------------------------------------------------------------------

Unsupervised clustering analysis of the HLA-A\*02:01-restricted HM immunopeptidomes (AML (n=9), CML (n=6), CLL (n=16), MM/MCL (n=4/1)) resulted in clear clustering of samples belonging to the same hematological cancer entities, as well as coherent clustering of the lineages these malignancies arise from (Figure [2A](#F2){ref-type="fig"}). This suggests that the HLA ligandome directly reflects tumor/lineage-specific biology, which is further underscored by the findings of gene ontology analyses (GO Term BP) using DAVID \[[@R37]\], which identified B-cell receptor signaling (GO ID: 0050853) as a significantly enriched biological process (*P*\<0.05 after Benjamini-Hochberg correction for multiple testing) represented selectively in the immunopeptidome of the lymphatic lineage (CLL and MM/MCL).

![Unsupervised clustering analysis and Jaccard distance graphs of "cancer-exclusive" HLA-A\*02:01 ligands on hematological cancers\
"Cancer-exclusive" HLA-A\*02:01 ligands identified on AML (light green, n=9), CML (dark green, n=6), CLL (red, n=16) and MM/MCL (orange/yellow, n=4/1) were analyzed by: **A**. Complete linkage clustering based on the Jaccard similarity coefficient of A\*02:01 immunopeptidomes. **B**. Jaccard distance graphs. Samples showing ≥10% Jaccard similarity of their "cancer-exclusive" HLA-A\*02:01 immunopeptidomes were linked by edges, with the thickness of the edge positively correlating with the degree of similarity.](oncotarget-08-43915-g002){#F2}

To further investigate and visualize the inter-relatedness of samples and to assess lineage-specific dividing lines, we performed Jaccard distance graph analysis, which identified sub-networks of closely related (≥10% immunopeptidome overlap, linked by edges) CLL and CML samples. AML on the other hand showed a longitudinally interlinked chain of related samples, which covers a vast range of possible A\*02:01 immunopeptidome compositions. Connections across entity boundaries were only identified in two isolated cases (Figure [2B](#F2){ref-type="fig"}). For the other HLA allotypes similar observations were made, with clear entity-specific dividing lines detected in all cases and CLL universally clustering in centralized subnetworks ([Supplementary Figures 1](#SD1){ref-type="supplementary-material"} and [2](#SD1){ref-type="supplementary-material"}).

Together, these findings suggest that peptide-specific T-cell immunotherapy in hematologic malignancies may have to be designed in an entity-specific fashion. However, it has to be noted that the underlying analysis was selectively implemented to assess similarities in immunopeptidome composition--and, by proxy, tumor biology---and does not provide the sensitivity to detect individual shared pan-leukemia antigens. To specifically achieve this goal and evaluate the potential presence of broadly applicable targets for off-the-shelf immunotherapy of multiple HM with a single compound, we further sought for individual, shared HLA ligands.

Overlap analysis identifies a small panel of naturally presented "pan-leukemia" antigens {#s2_3}
----------------------------------------------------------------------------------------

Allotype-specific overlap analysis of HM-derived HLA ligands identified 25 unique HLA ligands (A\*01:01: 0; A\*02:01: 11; A\*03:01: 9; A\*24:02: 0; B\*07:02: 2; B\*08:01: 0; B\*18:01: 3) showing "cancer-exclusive" presentation on all four HM simultaneously (Figure [3A](#F3){ref-type="fig"}, [Supplementary Tables 3](#SD1){ref-type="supplementary-material"}--[5](#SD1){ref-type="supplementary-material"}, [Supplementary Figure 3](#SD1){ref-type="supplementary-material"}). Thus, universal antigen presentation across entity boundaries is a very rare phenomenon, which is further aggravated by the fact that shared antigens typically show low presentation frequencies within the different HM entities (Figure [3B](#F3){ref-type="fig"}). A single pan-leukemia peptide with presentation frequency of more than 20% across all entities was identified for HLA-A\*02:01 (POLA2~470-480~, GLTSTDLLFHL). Furthermore, lineage-specific analysis highlights three myeloid lineage-specific antigens and six lymphatic lineage-specific antigens with presentation frequencies above 20% (with a minimum value of n≥4 allotype positive samples applied for the calculation of presentation frequencies, Figure [3B](#F3){ref-type="fig"}, [Supplementary Table 3](#SD1){ref-type="supplementary-material"}--[5](#SD1){ref-type="supplementary-material"}). However, these targets were so far not evaluated for immunogenicity or tumor-specific cytotoxicity. Together, these results clearly argue in favor of entity-specific antigen discovery for T cell immunotherapy in HM, albeit our analysis identified very few novel, broadly presented candidate targets, which may be amenable for further drug development.

![Presentation of "cancer"-exclusive HLA-A\*02:01 ligands across different hematological malignancies\
**A**. Overlap analysis of "cancer-exclusive" HLA-A\*02:01 ligands identified on AML (n=9), CML (n=6), CLL (n=16) and MM/MCL (n=4/1). **B**. HLA-A\*02:01 restricted "pan-leukemia" antigens identified across all four hematological malignancies. Peptides represented with frequencies ≥20% across all entities are marked in dark red, peptides represented with frequencies ≥20% across entities of the same lineage are marked in light red. A minimum value of n≥4 allotype positive samples was required for the calculation of presentation frequencies.](oncotarget-08-43915-g003){#F3}

DISCUSSION {#s3}
==========

In the wake of the clinical success of immune checkpoint modulation, it became more and more evident that novel, supplementary therapeutic interventions may be required for a range of malignancies and patient collectives showing low response rates to checkpoint inhibitor monotherapy \[[@R11], [@R38]\]. For this reason therapeutic strategies aimed at inducing antigen-specific anti-tumor T-cell responses have experienced a surge of renewed interest \[[@R39]\]. Common prerequisite to all these approaches is the exact knowledge of clinically effective targets specifically presented on HLA molecules on malignant cells. While the current paradigm views mutation-derived neoepitopes as the most highly effective targets of anti-tumor T-cell responses \[[@R12], [@R40], [@R41]\], this mutation-centric view severely limits the range of malignancies deemed eligible for T-cell immunotherapy \[[@R16], [@R17]\]. Furthermore, mutation-specific strategies would, at least in most cases, be patient-individualized and thus require massively time-and cost intensive target discovery and validation, which currently poses a severe limitation to the number of patients eligible for such approaches^34,35^. Together, these circumstances prompted us and others to comprehensively investigate the non-mutant antigenic landscape presented by HLA molecules on different low-mutational cancer entities \[[@R42]--[@R47]\]. Importantly, our previous studies in hematological malignancies demonstrated that 1) vast arrays of non-mutated but nevertheless cancer-specific HLA ligands are presented on these cancers, which may be explained by altered antigen processing in malignant cells \[[@R33]\] 2) these peptides are immunogenic and targeted by physiologically occurring T-cell responses in patients \[[@R29], [@R32]\] and 3) that anti-leukemia T-cell responses do correlate with improved patient survival in CLL patients underlining their central role in cancer immune control \[[@R31]\].

Based on these studies we herein conducted a meta-analysis aimed at assessing the particularities of four major HM on the immunopeptidome level and gauged the possibility of identifying a set of universal "pan-leukemia" antigens. In order to evaluate whether the immunopeptidome directly reflects the different biology of the four HM, we assessed the relatedness of all samples on the HLA ligand source protein level. This did not result in grouping of samples according to their respective entities but revealed the existence of a common set of "housekeeping" antigens represented across all entities. This was expected based on our previous studies and is in line with findings of another study on the immunopeptidome of cell lines derived from different tissue origins \[[@R48]\].

Even though our analysis was aimed at removing the impact of different HLA types from the equation by clustering on the level of HLA ligand source proteins, a pattern of HLA allotype-dependent selection for specific source proteins is clearly evident when comparing this cluster analysis with the results of HLA allotype-stratified clustering of HM ligands. Where source protein clustering did not result in coherent grouping of samples along entity lines, the allotype-specific analysis clearly delineated samples according to their entity and lineage of origin, indicating a major influence of sample HLA types on protein representation in the immunopeptidome. Importantly, robust clustering of entity and lineage subgroups was observed for all seven HLA allotypes analyzed in this study. This underscores the robustness of our analytical pipeline and demonstrates that tumor- and lineage specific biology is reflected in the HLA peptidome, which points to the possibility of confidently identifying and assigning pathology purely based on immunopeptidome data (an approach which was previously presented for proteomics data \[[@R49]\]). On the other hand, this finding hints at the limited occurrence of broadly shared antigens, which led us to employ simple overlap analysis as a sensitive means to identify this sparse population of entity-spanning HLA ligands. This verified the rarity of "pan-leukemia" antigens, as such peptides were only detectable for four out of seven HLA allotypes and furthermore typically showed only low frequencies of presentation within the different entities. None of these "pan-leukemia" antigens derives from established tumor-associated genes, which may be explained by a distorted correlation of gene expression and HLA restricted antigen presentation and underscores the importance of direct antigen discovery by mass-spectrometry \[[@R48], [@R50]\]. However --importantly- it also has to be noted that several factors pose central challenges for mass spectrometry based antigen discovery: limited sensitivity and dynamic range as well as the stochasticity of sampling in data-dependent mass spectrometry may lead to false-positive tumor-exclusive detection.

Our central finding is the presence of entity- and lineage-specific dividing lines, which may vitally impede the development of entity-spanning antigen-specific compounds. This strongly argues in favor of entity-specific approaches for the development of antigen-specific T-cell immunotherapy in hematological malignancies.

MATERIALS AND METHODS {#s4}
=====================

Patient blood and bone marrow samples {#s4_1}
-------------------------------------

Peripheral mononuclear cells (PBMC) from AML, CLL and CML patients and bone marrow mononuclear cells (BMNC) from MM patients (provided by the Departments of Hematology and Oncology in Tübingen, Leipzig and Aachen, Germany) at the time of initial diagnosis or relapse prior to therapy were isolated by density gradient centrifugation (Biocoll, Biochrom GmbH, Berlin, Germany) and erythrocyte lysis (EL buffer, Qiagen, Venlo, Netherlands). For all AML and CLL samples the frequency of malignant cells within the PBMC isolate was \> 80%. For MM samples the percentage of malignant plasma cells within the BMNC fraction was \> 60%. For CML we analyzed whole blood samples of 12 CML patients in the chronic phase (no blasts), two in the accelerated phase (18-20% myeloid blasts) and two in a blast crisis (50-60% myeloid blasts). Informed consent was obtained in accordance with the Declaration of Helsinki protocol. The study was performed according to the guidelines of the local ethics committee (373/2011BO2, 142/2013BO2). HLA typing was carried out by the Department of Hematology and Oncology, Tübingen, Germany. Samples were stored at −80 °C until further use.

Healthy control tissue samples {#s4_2}
------------------------------

PBMC and bone marrow mononuclear cells (BMNC) from healthy volunteers were isolated by density gradient centrifugation (Biocoll, Biochrom GmbH, Berlin, Germany) and erythrocyte lysis (EL buffer, Qiagen, Venlo, Netherlands). Normal tissue samples from patients and autopsy material were provided by the University Hospital Tübingen, Germany and the University Hospital Zürich, Switzerland ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Specimens were frozen in liquid nitrogen immediately after resection. Informed consent was obtained in accordance with the Declaration of Helsinki protocol

Myeloma cell lines (MCL) {#s4_3}
------------------------

For HLA ligandome analysis the myeloma cell lines (MCLs, U266, RPMI8226 and JJN3) were cultured in the recommended cell media (RPMI1640 (Gibco, Carlsbad, CA, USA), IMDM (Lonza, Basel, Switzerland)) supplemented with fetal calf serum, 100 IU/L penicillin, 100 mg/L streptomycin, and 2 mmol/L glutamine at 37°C and 5% CO~2~.

Isolation of HLA ligands from primary samples and MCLs {#s4_4}
------------------------------------------------------

HLA class I molecules were isolated using standard immunoaffinity purification as described before \[[@R29], [@R51]\], using the pan-HLA class I specific mAb W6/32 (produced in house) to extract HLA ligands.

Analysis of HLA ligands by LC-MS/MS {#s4_5}
-----------------------------------

HLA ligand extracts were analyzed in five technical replicates as described previously \[[@R31]\]. In brief, peptide samples were separated by nanoflow HPLC (RSLCnano, Thermo Fisher, Waltham, MA, USA) using a 50 μm×25 cm PepMap RSLC column (Thermo Fisher) and a gradient ranging from 2.4 to 32.0% acetonitrile over the course of 90 min. Eluting peptides were analyzed in an online-coupled LTQ Orbitrap XL mass spectrometer (Thermo Fisher) using a top 5 CID (collision-induced dissociation) fragmentation method.

Database search and HLA annotation {#s4_6}
----------------------------------

Data processing was performed as described previously \[[@R31]\]. In brief, the Mascot search engine (Mascot 2.2.04; Matrix Science, London, UK) was used to search the human proteome as comprised in the Swiss-Prot database (20,279 reviewed protein sequences, September 27^th^, 2013) without enzymatic restriction. Oxidized methionine was allowed as a dynamic modification. The peptide-level false discovery rate (FDR) was estimated using the Percolator algorithm (v2.04) \[[@R52]\] and set to 5%. Peptide lengths were limited to 8-12 amino acids. Protein inference was disabled, allowing for multiple protein annotations of peptides. HLA annotation was performed using NetMHCpan (v3.0) \[[@R53]\], annotating peptides with IC~50~ scores ≤ 500 nM and/or percentile ranks ≤ 2% as ligands of the corresponding HLA allotype. Samples for which only two-digit HLA typings were available, the missing sub-alleles were inferred based on the assumption of the most frequent four-digit allotype. For quality control, yield thresholds of ≥200 unique HLA class I ligands for primary samples and ≥1,000 unique HLA class I ligands for MCL were applied.

Software and statistical analysis {#s4_7}
---------------------------------

Data processing and analysis was performed in Python 2.7.10 and R 3.3.1 \[[@R54]\]. The heat maps, Jaccard index graphs, and Venn diagrams were created using the R packages gplots \[[@R55]\], igraph \[[@R56]\], and VennDiagram \[[@R57]\]. The clustering and distance graph analysis was performed using complete linkage clustering and the Jaccard distance, which measures the qualitative dissimilarity between two HLA peptidomes. The Jaccard distance in these analyses was calculated as the difference of the size of the union and the intersection of HLA peptidomes divided by the size of their union in pairwise comparison for all possible sample combinations. This metric was selected as it is equivalent to overlap visualization by Venn diagrams commonly utilized in HLA peptidomics studies. Thresholds were defined empirically, with Jaccard similarities of 0.1 yielding optimal sensitivity and specificity. For clustering, Jaccard distance graphs and overlap analysis of "cancer-exclusive" HLA ligand datasets obtained after subtraction of the normal tissue peptidome, HLA ligands occurring only once across all samples were discarded and only samples containing more than five unique HLA class I ligands were included.
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